Storm mergers and their role in tornado genesis during the 2011 Joplin storm by Van Leer, Kevin
	  
 
 
 
 
 
STORM MERGERS AND THEIR ROLE IN TORNADO GENESIS DURING THE 2011 
JOPLIN STORM 
 
 
 
 
 
 
BY 
 
KEVIN W. VAN LEER 
 
 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
 for the degree of Master of Science in Atmospheric Sciences 
 in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2013 
 
 
 
 
Urbana, Illinois 
 
 
Advisers: 
 
Professor Emeritus Robert Wilhelmson  
Research Scientist Dr. Brian Jewett 
 
	  ii	  
ABSTRACT 
 
 
The relationship between storm mergers and tornado formation can result in local 
conditions more favorable for rapid intensification of vertical vorticity at the surface than found 
in the surrounding environment.  Following the work of Lemon (1976) and Lee et al. (2006), this 
study uses high-resolution WRF simulations to simulate and understand the significance of storm 
mergers in subsequent intensification of the parent rotating updraft (mesocyclone) and tornadic 
vortex in the 22 May 2011 Joplin, MO case.  This case was noted for the rapid evolution of the 
storm from tornado formation (tornadogenesis) to peak intensity in relation to the merging of 
cells in the rear-flank region of the parent storm.   
 In an effort to identify the importance of the mergers in the tornadogenesis process, case-
study WRF simulations are used to reproduce behavior observed in the event.  An in-depth 
qualitative and quantitative analysis of the relationships between internal storm dynamical 
processes, such as precipitation loading and increased surface convergence, is performed. Three-
dimensional visualization is utilized to identify spatial and temporal relationships between storm-
scale processes.  Sensitivity tests, including the artificial removal or alteration of the merging 
cells in the model, modify the storm evolution and allow the quantification of the mergers’ 
effects.  This study pursued a goal of identifying storm scale processes resulting from storm 
mergers that enhance, weaken or otherwise modulate tornado development in supercell storms. 
 
 
 
 
 
 
 
 
 
	  iii	  
ACKNOWLEDGEMENTS 
 
 
 I would especially like to thank Drs. Robert Wilhelmson and Brian Jewett for not only 
acting as my advisers, but also for their guidance and support throughout my research and thesis 
preparation.  Their direct help and behind-the-scenes efforts made this work possible.  I also 
wish to thank the many help desks at the Pittsburgh Supercomputing Center (PSC), National 
Institute of Computational Science (NICS), National Center for Supercomputing Applications 
(NCSA), and WRF User Support for their technical support in this endeavor.  In addition, I’d 
like to thank my family, friends, and fellow graduate students who provided support during my 
graduate school experience.  This work was funded by the NSF Grant AGS-0843566 and Xsede 
Grants TG-ATM050014N and TG-MCA94P023. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  iv	  
TABLE OF CONTENTS 
 
CHAPTER 1: INTRODUCTION ................................................................................................... 1 
 
CHAPTER 2: LITERATURE REVIEW ........................................................................................ 3 
 
CHAPTER 3: 2011 JOPLIN TORNADO .................................................................................... 19 
 
CHAPTER 4: METHODOLOGY ................................................................................................ 27 
 
CHAPTER 5: RESULTS .............................................................................................................. 36 
 
CHAPTER 6: CONCLUSIONS ................................................................................................... 74 
 
REFERENCES ............................................................................................................................. 77 
 
 
 
 
 
 
 
 
	  1	  
CHAPTER 1 
INTRODUCTION 
 
 On 22 May 2011, a devastating tornadic storm struck the city of Joplin, Missouri.  The 
supercell thunderstorm rapidly intensified on the west side of the city and crossed through the 
heart of it at peak intensity (NOAA 2011).  The EF-5 (200 mph+) tornado on the Enhanced-
Fujita scale (Fujita 1971; McDonald et al. 2004) was the first tornado since the Flint, Michigan 
tornado on 8 June 1953 to cause over 100 fatalities.  On the ground for approximately 38 
minutes, the tornado traversed a path of about 35 km and caused nearly $3.0 billion in damage.  
Besides the strength and impact of this event, the research interest for this study lies in the storm 
merging behavior that preceded tornadogenesis, or the formation of the tornado.  
Merging storms have been shown to have an impact on a storm’s intensity, identified 
though precipitation production, updraft speed, longevity, and tornado incidence (Wilkins et al. 
1976; Lemon 1976; Kogan and Shapiro 1996; Bluestein and Weisman 2000; Finley et al. 2001; 
Lee et al. 2006; and Wurman et al. 2007).  The key roles of cell merging on storm intensity 
involve precipitation loading, convergence associated with multiple gust front boundaries, 
growth of new convection on colliding boundaries, actual merging of updrafts or downdrafts, 
and modification of inflow trajectories and thermodynamic properties.  However, the 
mechanisms responsible for the observed effects on tornadogenesis are not yet full understood. 
  While much of the previous research involving storm mergers has been based on 
observations or idealized numerical modeling research, this study utilizes case-study, or real-data 
numerical modeling to simulate and analyze the storm merging behavior of the Joplin storm with 
the objective of identifying and understanding the roles of storm merging on tornadogenesis.  By 
simulating this case study, there is an opportunity to alter the environment and the merging cells 
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to identify specific mechanisms responsible for intensification of low-level vertical vorticity and 
formation of a tornadic-vortex in the parent storm.   
 Numerical models have been widely used in the past to analyze supercell thunderstorms 
and tornadoes (Klemp and Wilhelmson 1978a,b; Wilhelmson and Klemp 1978; Rotunno and 
Klemp 1982, 1985; Klemp and Rotunno 1983; Weisman and Klemp 1984; Wicker and 
Wilhelmson 1995; Grasso and Cotton 1995; Kulie and Lin 1998; Adlerman et al. 1999; Finley et 
al. 2001; Markowski et al. 2003; Byko et al. 2009).  This study builds on previous work by 
utilizing real-data initialized numerical models to simulate the conditions and behaviors observed 
during the event, therefore allowing for analysis of storm evolution and processes.  While this 
study does not intend to exactly replicate the Joplin storm, the model-simulated results are 
considered to be representative of the conditions observed based on the initialization 
environment.  This method of numerical modeling is unique in that it does not focus solely on 
idealized environments to simulate an observed behavior.  This allows for the full inclusion of 
effects from environment factors, such as mesoscale boundaries, surface fluxes, and radiation.   
 This study will address several questions about the roles of storm mergers on 
tornadogenesis.  First, what effect did the cell mergers have on the intensification of the storm 
and the timing of the tornadogenesis, and why?  Second, does increased precipitation loading 
play a role in the tornadogenesis, and if so, how? And finally, would the Joplin storm have been 
as intense without the presence of the mergers?  By answering these questions, a better 
understanding of the role that storm mergers play in tornadogenesis, and the specific mechanisms 
by which they do so, can be gained. 
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CHAPTER 2 
LITERATURE REVIEW 
 
 
 
 Storm interactions, in this case, mergers, involve forcings between two or more storms 
that can not only affect the internal storm dynamics, as well as the entire storm-pair evolution.   
Considering first the storm rotational properties, there are a number of mechanisms that could 
intensify rotation or modulate it.  This includes purely kinetic mechanisms, either barotropic or 
baroclinic, as well as thermodynamical processes involving air parcel and hydrometeor 
trajectories, such as descending reflectivity cores (DRCs).  Many previous studies have taken an 
observational and idealized numerical modeling look at the effects of storm mergers on certain 
characteristics, such as kinematic configuration, trajectories and precipitation loading.  
 
2.1 Kinetic Forcing for Tornadogenesis 
 Research, past and present, has had an objective of identifying sources of strong rotation 
at the surface.  From an early modeling perspective, observations of storm intensification and 
tornadogenesis were focused on general source regions of vorticity. From tilting of 
environmental shear and baroclinically generated shear along the forward flank gust front to 
circulation development on the boundary between the main updraft and downdraft, these early 
studies identified a theoretical structure of a supercell and the main mechanisms behind vertical 
vorticity generation and tornadogenesis (Lemon and Doswell 1979; Burgess et al. 1982; Klemp 
and Rotunno 1983; Davies-Jones 1984; Rotunno and Klemp 1985; Wicker and Wilhelmson 
1995).  Previous research identified the forward flank downdraft (FFD) and it’s associated 
forward-flank gust front (FFGF) as a source region for tilting of baroclinically generated 
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horizontal vorticity (Figure 2.1). Intensification of the mid-level mesocyclone occurred as the 
horizontal vorticity encountered vertical velocity gradients beneath the main updraft. In addition, 
more recent work has suggested an episodic process in which downdraft bursts tilted the FFGF 
vorticity, producing vertical vorticity maxima that propagated down the FFGF and into the 
mesocyclone (Syrowski et al. 2012).  Also, the rear-flank downdraft (RFD) and its associated 
rear-flank gust front (RFGF) exhibited an occluding behavior with the FFGF as the RFGF rotates 
around the low-level mesocyclone (Figure 2.2).   This occlusion results in the displacement of 
the low-level vortex to the west of the main updraft while cutting off the low-level inflow.  
Davies-Jones (2008) concluded that even an occluded, rain-wrapped tornado can be maintained 
or intensified solely due to increased surface convergence from the surrounding precipitation.  
The identification of the effects of the FFD, RFD, and their associated gust fronts on low-level 
rotation dominated early tornado research, and continues today.   
 Building on that work, specific studies have been performed to test intensification 
processes, such as Trapp and Fiedler (1995), which modeled a “pseudo-storm” to test the idea of 
the dynamic pipe effect of stretching mid-level vertical vorticity down to the lower levels.  In 
their simulation they concluded that tornadogenesis was much less a triggered event, and was 
instead a continuous amplification of vertical vorticity through tilting.   In Trapp and Davies-
Jones (1997), a similar hypothesis was tested and two models of tornadogenesis were identified, 
first through the dynamic pipe effect, but also through an intensification of the surface 
convergence first or simultaneously as the mid-level intensification.   
 Work more recently has recognized importance of downdraft air for producing or 
enhancing low-level rotation.  Contributing source air for the low-level mesocyclone, or wall 
cloud, of a supercell thunderstorm has been postulated to originate from the RFD as early as 
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Rotunno and Klemp (1985).  Utilizing trajectories to track parcels through a supercell, Grasso 
and Cotton (1995) identified source parcels in a mesocyclone. The incipient tornado in that 
modeling study originated along the boundary between the main updraft and the rear-flank 
downdraft, potentially drawing on a source of vertical vorticity from the low-level downdraft.  
Parcels entering that vortex originated from NNE of the mesocyclone, traveled cyclonically 
around to the west of mesocyclone and descending along a precipitation downdraft before being 
ingested at the low-levels.  This drew on previous work by Davies-Jones and Brooks (1993) that 
identified parcels’ transition from anti-cyclonic to cyclonic along descending trajectories, such as 
in a rear-flank downdraft.  While the RFD can be an important intensification mechanism of low-
level rotation, Wicker and Wilhelmson (1995) concluded that tornado decay begins when the 
low-level flow advects the occlusion downdraft completely around the tornado, surrounding the 
vortex with downdraft and low-level divergence.   
 Continuing with the focus on the rear-flank downdraft regions, Adlerman et al. (1999), 
through modeling of cycling mesocyclogenesis, observed an evaporatively driven rear-flank 
downdraft (RFD), similar to that found in Lemon and Doswell (1979), that promoted initiation of 
updrafts along the resulting gust front. Increased tilting and stretching occurred along the gust 
front as parcels entering the mesocyclone gained positive vertical vorticity in their descent in the 
RFD.  As the vorticity increases, a downward pressure gradient force is established, which 
induces the occlusion downdraft that when merging with the main rear-flank gust front causes 
the occlusion process.   
 Thermodynamic characteristics of the RFD have also been shown to potential have an 
effect on tornadogenesis.  Markowski et al. (2002) identified potential changes in the RFD that 
would promote tornadogenesis and longevity of the tornado, such as increased surface buoyancy, 
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potential buoyancy or CAPE, an increase in equivalent potential temperature, and a decrease in 
convective inhibition.  They also noted that evaporative cooling and entrainment of midlevel, 
potentially cold air may play a smaller role in development of RFDs associated with tornadic 
supercells.  Environments with high boundary layer relative humidity and a low cloud base may 
also be conducive to RFDs associated with the high buoyancy necessary for tornadogenesis.  
These studies provided quantitative characteristics to identify during the intensification of a 
storm preceding tornadogenesis.   
 
2.2 Storm Merging 
The concept of merging storms and a resulting intensification was pioneering by Lemon 
(1976) through observations of cloud towers merging with the parent updraft of a supercell.  
Based on these observations, a conceptual model was developed of merging storms along the 
flanking line.  The study indicated that much of the surface mesocyclone inflow originated from 
a moist, rainy downdraft and that increased convergence in the mesocyclone was a response to 
falling pressure, induced by warmer, more buoyant air aloft.  Overall, the study noted that the 
effects of the cell merger were an increased vertical velocity, which brought decreased surface 
pressure and increased convergence.  Also, he noted, that the “longevity and severity of these 
storms is probably due in part to entrainment of flanking cells.”  This intensification as a result of 
cell merging has been observed in more recent studies (Westcott 1984, 1994; Westcott et al. 
1989; Kogan and Shapiro 1996; Lee et al 2006(a,b)) as well as those that involve storm 
interactions with squall lines (Cunning et al. 1982; French and Parker 2012) or lines formed from 
merging of storm splits (Bluestein and Weisman 2000).   
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Built on the previous work with RFDs, Kulie and Lin (1998) observed a pulsating 
downdraft behavior (Figure 2.3).  These pulses would invigorate the storm, but did not 
completely occlude the gust front, allowing for the main updraft to persist for a prolonged period 
of time.  The study also noted frequent updraft mergers from cells along the flanking line, similar 
to the mechanism proposed by Lemon (1976) that maintained the storm’s intensity.  Finley et al. 
(2001) carried on this work and identified a precipitation rate increase in the rear flank shortly 
after cell mergers.  This increased surface pressure and intensified gust front associated with the 
downdraft.  Their trajectory calculations confirmed that air parcels entering the low-level 
mesocyclone originated at low-levels along the flanking line and carried positive vertical 
vorticity into the mesocyclone.  They proposed this as a mechanism to sustain the mesocyclone 
in a high-precipitation supercell.   
A large dataset of storm merging and its effect on tornadogenesis comes from the Lee et al. 
(2006a,b) studies which focused on that interaction during the 19 April 1996 Illinois tornado 
outbreak.  This outbreak included distinct mergers of left-and-right split cells of comparable 
intensity as well as mergers between flanking line cells and parent supercells (Figure 2.4).  Using 
observed radar reflectivity to identify storm mergers in an environment with multiple mergers 
and splits occurring with supercells, the study observed an upward pulse in the cell intensity of 
the dominant cell of the merge and also a temporal relationship between storm mergers and 
tornadogenesis.  54% of the tornadoes during that outbreak occurred within 15 minutes of a cell 
merger, with 55% of those tornadoes occurring within plus or minus 5 minutes of the merge 
(Figure 2.5).  Also, 57% of the mergers were associated with a tornado incidence.  This study 
proposed, “Constructive outflow interaction could result in increased low-level convergence, a 
strengthened low- or mid-level updraft, and resulting increase in vertical vorticity through 
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stretching that may have been essential for enhancing storm rotation and promoting 
tornadogenesis.”   
Wurman et al. (2007) utilized dual-Doppler observations of the Kiefer, OK on 26 May 
1997 tornado, which exhibited a double gust-front feature and storm merging behavior (Figure 
2.6).  The study noted, “Initial tornadogenesis was coincident with the merger of the main 
supercell and a much smaller convective storm.” They observed precipitation entering the main 
updraft, which may have played a negative role in tornado maintenance through evaporative 
cooling.  The study presented a hypothesis that a storm merger can enhance or trigger 
tornadogenesis by increased convergence.   
 
2.3 Descending Reflectivity Cores 
In an effort to identify mechanisms that may play a role in low-level vorticity 
intensification, much work has focused on reflectivity cores descending in the storm that 
sometimes precede tornadogenesis.  This region of increased precipitation, or reflectivity core, 
that descends in the RFD is identified as a DRC in Rasmussen et al. (2006). That study defined a 
DRC as a reflectivity maximum pendant from the echo overhang above a supercell weak-echo 
region.  That study noted multiple case studies in which a DRC preceded tornadogenesis.  This 
mechanism is distinct from that identified by Davies-Jones (2008), in which a descending rain 
curtain around the low-level vortex could maintain or even intensify the circulation.  In Davies-
Jones’ study, a downdraft induced by precipitation drag increased low-level convergence at the 
surface and transports air with angular momentum downward and inward.  The vorticity then is 
entrained and stretched by the main updraft.  This latter mechanism could provide an explanation 
of low-level vorticity maintenance within a high-precipitation supercell.   
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However, while, Kennedy et al. (2007) was unable to identify a strong relationship 
between DRC and tornadogenesis, the study did observe a DRC that appeared within a short 
window (10 minutes before to 5 minutes after) in relation to tornadogenesis.  They noted that the 
location and orientation of the DRC might play a role in why some DRC’s preclude 
tornadogenesis, while others do not.   
Byko et al. (2009) identified multiple types of DRCs and their effects on the 
tornadogenesis process.  Using numerical simulations and observations of DRCs, three different 
classes of DRCs were identified.  Their type I was a DRC resulting from stagnation of mid-level 
flow, similar to a mechanism proposed in Rasmussen et al. (2006).  This stagnation prevented the 
increased precipitation on the rear flank of the updraft from being deposited in the forward flank, 
with the precipitation instead descending in the rear flank region.  This type, out of the three 
presented in the study, matches closest to that which appears relevant to the Joplin event, in 
which increased precipitation and updraft interruption from a merging cell took place in the rear-
flank region.  The Byko et al. study noted that DRCs may appear on radar as storms merging 
along the flanking line, similar to the intensification mechanism described in Lemon (1976).   
More recently, Markowski et al. (2012) attempted to identify the DRC’s role in low-level 
vertical vorticity intensification.  In their study, the forward flank downdraft was the main source 
of vertical vorticity through tilting of baroclinic horizontal vorticity along the forward flank gust 
front, while the rear-flank downdraft and associated gust front was an important modulator 
(Figure 2.7).  Trajectory analysis showed that parcels that passed through the DRC did not lose 
their vorticity intensity at the surface before entering the vorticity maximum.  Also, the DRC 
appeared to promote occlusion of the low-level mesocyclone.  They identified the need to model 
the three-dimensional wind field during a DRC occurrence.  
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2.4 Secondary Rear-Flank Gust Fronts 
 In addition to the characteristics of an RFD preceding and occuring during 
tornadogenesis, the formation of a secondary rear-flank downdraft (SRFD) and gust front 
(SRFGF) may play a significant role.  Kosiba et al. (2013) utilized radar and in situ observations 
of the Goshen County, Wyoming tornado on 5 June 2009 during the second Verification of the 
Origins of Rotation in Tornadoes Experiment (VORTEX2) to identify possible intensification 
mechanisms during tornadogenesis.  Prior to tornadogenesis, the study identifies a SRFD that 
develops and cyclonically wraps around the developing tornado (Figure 2.8).  They used 
kinematic and thermodynamic analysis to suggest that horizontal vorticity creating in the forward 
flank and hook echo is tilted and stretched near the developing tornado, and that tilting is 
intensified by the developing SRFGF.  They noted that the tornadogenesis does not proceed 
steadily and goes through several strengthening, weakening, and renewed intensification pulses 
during the process.  Behavior similar to this can be used to identify intensification mechanisms in 
the case-study presented in this research.   
 
2.5 Numerical Modeling 
To identify the processes that would affect tornadogenesis in the case of storm mergers, 
numerical modeling was utilized.  This controlled environment allows for simulation of the 
observed event as well as isolation of key parameters that may have played a role in the 
intensification.  Many previous studies have utilized idealized numerical models to achieve this 
goal.  In those simulations, a single thermodynamic and wind shear profile is used as input into 
the model.  After a convective initiation source such as a warm bubble is introduced, the 
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simulation is intended to behave in a way that is representative of actual convection forming in 
that environment, provided the convective initiation mechanism has little lasting influence 
(Weisman and Klemp 1982, WK82).  The amount of vertical wind shear (WK82), the storm-
relative helicity (Davies-Jones et al. 1990, Davies-Jones and Johns 1993), lifting condensation 
level height (Thompson et al. 2003), anvil-level storm relative winds (Rasmussen and Straka 
1998), as well as the amount (Rasmussen and Blanchard 1998) and distribution (McCaul and 
Weisman 2001) of convective available potential energy (CAPE) and convective inhibition 
(CIN; Davies-Jones 2004) are key factors through the simulation.  Idealized model simulations 
are used to isolate the effects of the thermodynamic and wind profiles on storm morphology, 
without the impacts of mesoscale boundaries or storm interactions.   
Because of the need to include those boundaries or interactions in the evolution of this 
particular storm, case-study simulations (Chapter 4) were performed to attempt to replicate the 
observed Joplin tornadic event (Chapter 3).  The assumption in numerical modeling, given 
sufficiently accurate reproduction of the phenomena, provides that the simulation of the event 
can be used as a medium to identify the key processes that took place to cause it. The case-study, 
or real-data, simulations are meant to include all factors that play a role in storm formation and 
evolution, including storm mergers, surface forcing, and boundaries.  Throughout this research, 
numerical modeling provided the primary tool to identify the effects of storm mergers on 
tornadogenesis through in-depth analysis of the real-data simulation and the sensitivity testing of 
multiple strengths of merging cells (Chapter 5).   
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Chapter 2 Figures 
 
 
 
 
Figure 2.1) Lemon and Doswell (1979). Schematic plan view of a tornadic thunderstorm at 
the surface. Thick line encompasses radar echo. The thunderstorm “gust front” structure and 
“occluded” wave are also depictured using a solid line and frontal symbols. Surface positions 
of the updraft (UD) are finely stippled, forward flank downdraft (FFD) and rear flank 
downdraft (RFD are coarsely stippled, along with associated streamlines (relative to the 
ground) are also show. Tornado location is shown by an encircled T. 
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Figure 2.2) Lemon and Doswell (1979). Schematic three-dimensional depiction of evolution of 
the drafts, tornado and mesocyclone in an evolving supercell storm.  The stippled flow line 
suggesting descent of air from the 9 km stagnation point has been omitted in (c) and (d), for 
simplicity.  Fine stippling denotes the TVS.  Flow line throughout the figure are storm relative 
and conceptual only, not intended to represent flue, streamlines, or trajectories.  Conventional 
frontal symbols are used to denote outflow boundaries at the surface.  Salient features are labeled 
on the figure 
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Figure 2.3) Kulie and Lin (1998). (a) Domain maximum vertical velocity and minimum vertical 
velocity, and (b) domain maximum vertical vorticity. 
 
 
 
 
 
 
 
 
 
 
AUGUST 1998 2095K U L I E A N D L I N
FIG. 3. (a) Domain maximum vertical velocity and minimum vertical velocity, and (b) domain
maximum vertical vorticity.
Three major low-level updraft cores, though, form be-
tween 120 and 240 min. The updraft maxima at 165
min centered at about z 5 3 km is especially impressive
(Fig. 5a) and coincides with large values of vertical
vorticity below 3 km (Fig. 5b). These figures suggest
that the simulated storm undergoes a transition in which
it acquires intense low-level rotation. This transition, as
well as the development of vorticity, will be discussed
further in later sections.
Overall, Figs. 3, 4, and 5 reveal an intense, long-lived
convective storm with considerable rotation. The storm
can rarely be described as ‘‘steady,’’ however, as os-
cillations appear in many fields throughout the simu-
lation. Figures 3 and 5 nicely illustrate some general
characteristics of the simulated storm, although they
should be analyzed with caution. The simulation pro-
duces a multiple-updraft system, and the domain max-
imum values are sometimes located in different cells,
especially before about 120 min. After this time, one
updraft becomes dominant, and the domain maximum
values can be attributed to this cell. The development
of this intense cell, as well as the overall structure of
the evolving storm, will be analyzed further in the fol-
lowing sections.
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Figure 2.4) Lee et al. (2006b). KILX radar reflectivity imagery (0.5o) at 2159, 2216, 2234, 2252, 
and 2309 UTC. The cyan dashed lines represent cell tracks. Cells experiencing multiple mergers 
have the sequential merger number appended (e.g., D16M3 represents the third merger event for 
D16). Reflectivities less that 15 dBZ are not plotted. 
 
 
 
Figure 2.5) Lee et al. (2006b). Histogram of tornado incidence times relative to the time of the 
cell merger partitioned in 5-min intervals for the 15 min period before and after cell merger. 
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Figure 2.6) Wurman et al. (2007). The 0.5o elevation scan of convective storms A, B, A’, and C 
from KINX (located just off the upper-right corner) showing (left) base reflectivity and (right) 
Doppler velocity at several times during the evolutions of the tornadoes near Kiefer and 
Glenpool, OK.  The locations of DOW2 (red circle) and DOW3 (green circle) are shown. 
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Figure 2.7) Markowski et al. (2012). Views from the southwest (top) and from above (bottom 
figure) of the 55-dBZ DOW7 reflectivity isosurfaces (green) and vertical velocity isosurfaces of 
-4 m s-1 (blue) and 20 m s-1 (red) at 2144 UTC. The gust front is indicated with the heavy cyan 
line, and vortex lines that pass through the low-level mesocyclone are black.  The velocity field 
is derived from the smooth dual-Doppler wind syntheses. Horizontal lines every 1 km. In the 
view from above, the direction of the vorticity vector is indicated by the arrowheads.  
 
 
 
 
 
 
Updraft 
Updraft 
RFD 
RFD 
DRC 
DRC 
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Figure 2.8) Kosiba et al. (2013). (a)-(d) Schematic of the tornadogenesis process from 2148 to 
2202. Blue lines indicate the strength and orientation of the SRFD, olive lines indicate the 
location and strength of the PRFGF and the SRFGF, and red lines indicate the FFGF.  Enhanced 
convergence, associated with increased tilting (dashed black lines) and stretching (pink shading) 
occurs in (b) and (d). Changes in the SRFD were linked to enhanced production of vertical 
vorticity, tornadogenesis, brief weakening, and resumed intensification of the tornado. Intensity 
of the developing tornado is indicated schematically with the number of black arrows. 
 
edge of the SRFD) just east of the z maximum.
Changes in the SRFD characteristics near the tor-
nado affected the tilting and stretching of vorticity,
establishing conditions favorable for tornadogenesis.
Although many of the parcels from the western
sector followed a similar path, most did not enter
the tornadic circulation; therefore, they did not
directly affect tornadogenesis.
3) Vortex line arches in the outflow, joining the
nascent tornadic circulation with an anticyclonic
vortex that trailed the hook echo, were consistent
with storm-generated baroclinic vorticity. During
the tornadogenesis period, the MM-observed uy
deficit along the baroclinic zone was only a few
degrees, similar to other strong tornadic storms
(MSR02; G07). A growing body of observations
suggests that large instantaneous baroclinic gener-
ation of vh may not be necessary for tornado-
genesis. Instead, modest baroclinic generation of
vh over an extended time period in conjunction
with a tilting (and subsequent stretching) mecha-
nism near the low-level circulation center, as was
observed to develop after 2150, may be most favor-
able for tornadogenesis.
4) A newly noticed reflectivity feature, the LRR, was
first observed in this storm, and became quite pro-
nounced immediately prior to tornadogenesis. Al-
though the LRR was prominent in the reflectivity
field, trajectory analysis showed that parcels entering
the tornado did not pass through it, and it had no
obvious link to the processes that contributed to
tornadogenesis.
5) Visual manifestations of features associated with the
developing tornado were well correlated with those
resolved in the single- and dual-Doppler analyses. The
frequently (visually) observed unsteady process of
tornado intensification during genesis, including the
formation and dissipation of funnels during genesis,
was associated with kinematic properties of this storm
resolved in the radar analysis. Specifically, a prominent
near-surface anticyclonic vortex developed just prior
to tornadogenesis and was evident both in the radar
and the photogrammetric observations. Minutes after
the radar-measured circulation reached tornadic
FIG. 17. (a)–(d) Schematic of the tornadogenesis process from 2148 to 2202. Blue lines indicate the strength and
orientation of the SRFD, olive lines indicate the location and strength of the PRFGF and the SRFGF, and red lines
indicate the FFGF. Enhanced convergence, associatedwith increased tilting (dashed black lines) and stretching (pink
shading) occurs in (b) and (d). Changes in the SRFD were linked to enhanced production of z, tornadogenesis, brief
weakening, and resumed intensification of the tornado. Intensity of the developing tornado is indicated schematically
with the number of black arrows.
APRIL 2013 KOS I BA ET AL . 1177
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CHAPTER 3 
2011 JOPLIN TORNADO 
 
 
The tornado that occurred in Joplin, MO on 22 May 2011 was a rapid intensifying and 
devastating storm that moved through the heart of the southwest Missouri city.  Based on the 
National Weather Service’s Event Service Assessment, the tornado was an EF-5 on the 
Enhanced Fujita scale with winds in excess of 200 mph and path length of 22.1 miles over 38 
minutes (534 pm CDT to 612 pm CDT).  The tornado was one mile wide at its maximum with 
approximately a six-mile track of EF-4/EF-5 damage (Figure 3.1).  There were 159 fatalities 
with over 1000 injuries, ranking as the first single tornado to result in over 100 fatalities since 
the Flint, MI tornado on June 8, 1953.  The Service Assessment noted multiple characteristics 
about this storm that make it a unique and interesting case. First, “low-level rotational 
intensification and tornadogenesis occurred very rapidly as the storm approached Joplin”.  The 
tornado intensified from touchdown to EF-4 strength in approximately four minutes.  Also, cell 
mergers occurred over southeast Kansas, shortly before the development of the tornado.  This 
event is considered a well-“warned” tornado, primarily because of the early warnings provided 
by the National Weather Service.  Relevant to the research in this study, the forecasters on the 
day of the Joplin tornado recognized the merging behavior, which led directly to these early 
warnings.  
 
3.1 Synoptic Conditions and Warning Evolution 
 At 1200 UTC on 22 May 2011, a cold front was stretched across the Great Plains from 
Iowa to western Texas with a developing low-pressure center located on the border of Kansas 
and Oklahoma (Figure 3.2).  By 1500 UTC, a dry line had developed and moved into central 
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Oklahoma, extending south from the developing low pressure center.  This established a triple 
point at the intersection of the cold front and dry line, providing a strong lifting mechanism for 
convective initiation.  At 1800 UTC the triple point was located in southeastern Kansas and 
strong southerly winds and daytime heating had elevated temperatures in the area to over 80 
degrees Fahrenheit.  Convective initiation occurred at 2000 UTC near the triple point and 
development continued along the cold front and dry line east towards the Missouri border.   
 During the day, the area forecast discussions (AFD) from the National Weather Service’s 
Springfield, MO office noted primarily a large hail threat with only an isolated threat for 
tornadoes. The Storm Prediction Center’s Day 1 Convective Outlook from 0600 UTC on 22 May 
2011 indicated only a slight risk for severe thunderstorms in the Joplin area with a 10% chance 
of a tornado within 25 miles and 10% chance of an EF2 or stronger tornado within 25 miles 
(Figure 3.3).  Main concerns with the forecast included an unimpressive low-level wind profile, 
leading to the focus on hail and straight line wind threats.  A vertical sounding from 1800 UTC 
in Springfield, MO displayed only minor backing of the low-level winds at this time, with 0-1 
effective storm relative helicity values of approximately 150 m2s-2 (Figure 3.4).  Convective 
available potential energy (CAPE) was approximately 4500 J kg-1, indicating very strong 
thermodynamic instability in the area.  This sounding further emphasized primarily a hail or 
straight-line wind threat, with only a threat for isolated tornadoes.  
As the situation developed throughout the day, a greater sense of a tornado threat became 
apparent as that low-level wind profile strengthened.  In the Event Service assessment, it was 
noted that forecasters utilized Bunker’s storm motion vectors, which indicated more deviant 
storm motions than originally forecasted.  This led to an enhanced storm-relative low-level wind 
profile and increased 0-1 km storm relative helicity.  After initiation, the forecasters identified 
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merging behavior in the storms and that information “led directly to the early warning of the 
Joplin tornado.”  The rapid intensification of the storm that occurred shortly after these mergers 
suggests a possible connection between cell mergers and intensification of the mesocyclone.   
 
3.2 Observed Storm Behavior 
As the parent storm crossed into southwest Missouri from 2210 to 2234 UTC, a cell that 
forms along its flanking line merges with the parent storm (Figure 3.5).  After the initial merging 
process takes place at 2234 UTC, the parent storm exhibits an increase in overall reflectivity and 
rapid tornadogenesis. By 2243 UTC, another cell along the flanking line of the parent storm 
begins to merge, while the tornado is now producing EF-4+ (160 mph) damage.  At its peak 
intensity around 2248 UTC, the tornado is moving through downtown Joplin and lofting debris 
high into the air, indicated by the debris ball on the 0.5o Reflectivity scan from the NWS-
Springfield WSR-88D radar located approximately 100 km to the East.  Finally, at 2258 UTC, 
the second merge concludes and the tornado dissipates as the Joplin and nearby storms 
transitions from a tornadic supercell to an outflow driven linear mesoscale convective system 
(MCS).  The rapid evolution of the storm mode in this case, indicated strong interactions 
between surrounding storms.  The identification of the mechanisms that led to this evolution, 
rapid intensification and tornado genesis of the Joplin storm is the main objective of this 
research.   
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3.3 Chapter 3 Figures 
 
Figure 3.1) NOAA-NWS Joplin Service Assessment (2011). Storm track of the Joplin tornado on 
22 May 2011.  Track colors, arrow colors and numbers indicate rating of damage on the 
Enhanced Fujita scale. 
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a) b)  
c) d)  
Figure 3.2) Weather Prediction Center (2011). National Forecast Maps at 1500 UTC 22 May 
2011 (a), 1800 UTC 22 May 2011 (b), 2100 UTC 22 May 2011 (c), and 0000 UTC 23 May 
2011.  Conventional frontal boundary symbols are used.  Red star indicates location of Joplin, 
MO.   
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a) b)  
 
c) d)  
 
Figure 3.3) Storm Prediction Center (2011). Convective Outlooks ((a) and (b)) and Tornado 
Probability Outlooks ((c) and (d)) valid at 0600 UTC 22 May 2011 and 2000 UTC 22 May 2011, 
respectively.  Yellow in (a) and (b) represents slight risk of severe thunderstorms. Green in (a) 
and (b) represents possibility of thunderstorm activity. Red in (b) represents moderate risk for 
severe thunderstorms.  Colors in (c) and (d) represent probabilities of a tornado within 25 miles 
of a point at 2% (green), 5% (brown), 10% (yellow), and 15% (red). The hatched area denotes a 
10% or greater possibility of an EF2 or greater tornado within 25 miles.  
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Figure 3.4) Sounding retrieved from KSGF at 1800 UTC 22 May 2011.  This sounding provides 
a vertical sounding of temperature (red) and dewpoint (blue), as well as a hodograph of the 
vertical wind structure, with barbs in ms-1.  Data for sounding retrieved from University of 
Wyoming Sounding Archive.   
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a) b)  
c) d)  
e)  
 
Figure 3.5) Radar imagery retrieved from the WSR-88D NEXRAD Doppler Radar at KSGF on 
22 May 2011 at 2219 UTC (a), 2224 UTC (b), 2234 UTC (c), 2243 UTC (d), and 2248 UTC (e).  
White arrows indicate cells merging with parent.  Purple arrows indicate hook echo and debris 
ball signatures.   
 
 
 
 
 
 
 
 
 
O 
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CHAPTER 4 
METHODOLOGY 
 
 
 
4.1 Weather Research & Forecasting Model 
The numerical model used in this research was the three-dimensional compressible non-
hydrostatic Weather Research & Forecasting (WRF) model with the Advanced Research WRF 
(ARW) dynamic core (WRF-ARW, version 3.3.1), developed by the National Center of 
Atmospheric Research and collaborators (Skamarock et al. 2008).  The governing equations in 
this model are solved using a time-split integration with a third-order Runge-Kutta scheme. 
Horizontal momentum and scalar advection is calculated using 5th order discretization, while the 
vertical momentum and scalar advection was 3rd order.  A weighted essential non-oscillatory 
(WENO) limiter was placed on the scalar fields in outer 2 domains while the inner 2 domain’s 
limiter was positive definite.  Additional model settings include the parameterizations of physical 
processes, including microphysics, radiation, land-surface, and turbulence.  The settings chosen 
(summarized in Tables 4.1 and 4.2) were those appropriate to the type of simulation being 
carried out.  
 
4.2 Case-study Simulation Configuration 
Main physics choices for the case-study simulation were the Mellor-Yamada-Janjic 
turbulent kinetic energy (TKE) boundary layer scheme (Janjic 1994) with the Monin-Obukhov 
similarity theory with vegetation dependent Zillitinkevich thermal roughness length for surface 
layer processes (Chen et al. 1997), the unified Noah land surface model (Chen and Dudhia 2001, 
Ek et al 2003), and Goddard long-wave and short-wave radiation schemes. One-minute call 
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times to the radiation scheme were used to include rapid changes involving thunderstorm anvils 
and cold pools.    The baseline microphysics scheme used was the Morrison two-moment bulk 
scheme (Morrison et al. 2009) with the precipitating ice hydrometeor category set to hail, as well 
as an ice number limiter to control the extent of the storm anvil size.  This limiter was a non-
default change in which the upper bound on ice number was lowered from 106 to 25.  Further 
changes made to the Morrison scheme are described in section 2.6.   No cumulus 
parameterization was used in any model simulations.  Horizontal Smagorinsky first-order TKE 
closure was used (with the diffusion term evaluated on coordinate surfaces), as recommended for 
real-data simulation in which a Planetary Boundary Layer (PBL) scheme was utilized. An 
implicit gravity-wave damping layer (Klemp et al. 2008) was used on vertical motion in the 
upper 5000 meters of the model domain, with an inverse time scale coefficient of 0.2.   
The initial and boundary conditions were provided from the 0-h initial conditions and the 
3-h forecasts of the National Center for Environmental Prediction (NCEP) 12-km North 
American Model (NAM) for an 18-h period from 1200 UTC 22 May 2011 to 0300 UTC 23 May 
2011.  These data were retrieved from the National Oceanic and Atmospheric Administration’s 
(NOAA) National Climatic Data Center (NCDC) National Operational Model Archive & 
Distribution System (NOMADS).  The NAM data was on a pressure grid using the 218 
configuration with 12 km grid spacing over the contiguous United States.. The simulation 
domain (Figure 4.1) included 3 nested grids.  The four domains have horizontal grid spacing of 3 
km (D01), 1 km (D02), 333 m (D03), and 111 m (D04), with horizontal dimensions in grid 
points of 304x256, 496x496, 652x652, and 901x676, respectively. Two-way nesting was 
utilized.  The vertical discretization was composed of 61 unevenly spaced vertical levels with a 
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pressure top of 50 hPa, with 12 levels in the lowest 2 km.  The time steps were set to 10, 3.333, 
1.111 and 0.373 s on the D01, D02, D03, and D04 grids, respectively.   
The boundary conditions from the NAM data were only input into the model on the outer 
boundaries of D01 to ensure independent interpolation from WRF during the simulation.  The 
first two nested grids (D02 and D03) were initialized by interpolating from the parent grid at 
2000 UTC in the simulation with the only boundary conditions coming from the parent grid 
every time step.  The 2000 UTC placement allowed for spin-up of the outer domain before the 
main convective initiation in the model.  The inner domain (D04) was placed at 2330 UTC after 
the parent and merging storms had developed.  The analysis of these simulations will focus on 
the storm development and merging processes in southeast MO between 2200 UTC 22 May 
2011 and 0100 UTC 23 May 2011 model time.   
 
4.3 Observational Data 
Outside of the data directly used in the model simulation, other sources were used to 
further characterize the environment during the event.  Radar reflectivity and radial velocity data, 
retrieved from the NOAA NCDC Next-Generation Radar (NEXRAD) data inventory for the 
KSGF radar site in Springfield, MO, was utilized in identifying the behavior of the Joplin 
tornadic storm.  Also, mesoanalysis data from the Storm Prediction Center’s (SPC) Hourly 
Mesoscale Analysis Archive provided information about the large-scale convective environment 
and its potential for tornadic thunderstorms.  Station data for the region was retrieved from the 
Plymouth State Weather Center WXP Surface Map Generator to identify surface observations 
and possible boundaries throughout the region.   
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4.4 Latent Heating Test 
In an effort to evaluate the role of storm mergers on the tornadogenesis process, an 
experiment was devised to alter the strength of the approaching cells before they merged with the 
parent storm.  By altering the amount of latent heat released during condensation in the 
geographical region where merging cells initiated, their development can be reduced or 
eliminated before the time of merging with the parent storm.  These experiments were performed 
by altering the Morrison two-moment bulk microphysics scheme in WRF, introducing a 
coefficient that modifies the latent heat of condensation if the (x,y) location was within the 
region of merging cell development. This reduction was performed from a simulation restarted 
prior to merging and tornadogenesis, to guarantee that the initial conditions at the start of all 
latent heating tests were identical to the control simulation with no latent heating change.  The 
reduction of the latent heat was varied by different amounts to gauge the effect on the merging 
cells and tornadogenesis.  The test suite included 90%, 75%, 50%, 25%, 10%, and 0% of the 
original latent heat release. The objective of these experiments was to identify if the mature 
parent storm would have produced a tornado with equal or greater intensity if the storm mergers 
were not present.  
 
4.5 Analysis Code 
The main numerical analysis of the model runs was performed using a code that has the 
ability to track surface mesovortices by interrogating multiple WRF “history” saves of model 
output.  Model data was saved every 12 seconds for the innermost domain in the real-data 
simulations, and every 1 minute for the 333m domain.  For each saved data set, the main vortex 
is identified, and a 5km x 5km x 5km cube is centered over the surface vortex center.  Inside this 
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box a number of fields are retrieved, for example potential temperature, mixing ratios of rain and 
hail, horizontal and vertical velocities, as well as derived fields such as vorticity, convergence, 
and lifted condensation level (LCL).  Each of these and other fields (Table 4.3) are output from 
the code and then formatted into an Excel spreadsheet for graphing and statistical analysis.   
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4.6 Chapter 4 Figures 
 
 
 
Figure 4.1) Depiction of the domain for the case-study simulations.  All 4 domains are shown 
(D01, D02, D03, D04).  Domain size are 912 x 768 km, 496 x 496 km, 217 x 217 km, and 100 x 
75 km, respectively. 
D01 
D02 
D03 
D04 
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Model Configuration Set-Up 
Grid Spacing 3 km, [1 km], [333 m], [111 m] 
Vertical Levels 60 stretched to 20 km 
Time Step 10 s, [3.33 s], [1.11 s], [0.37 s] 
Data Save Interval 30 min, [5 min], [1 min], [12 s] 
Initialization Data NAM Model  
Boundary Conditions NAM Model  
 
Table 4.1) Model Domain Configuration and Input 
 
Model Parameterization Treatment 
Microphysics Morrison w/IN upper bound modification 
with Hail option turned on 
Morrison et al. (2009) 
Land Surface MOdel Unified Noah 
Boundary Layer (PBL) scheme Mellor-Yamada-Janjic 
Radiation (Short & Longwave) Goddard 
Surface Layer Monin-Obukov 
Cumulus Parameterization None 
Time Integration Runge-Kutta 3rd Order 
Mixing Treatment 2-D Smagorinsky 1st Order 
Upper Level Damping W-Rayleigh (5 km depth) 
Implicit Gravity Wave Damping Coefficient 0.02 
Horizontal Momentum Advection 5th Order 
Vertical Momentum Advection 3rd Order 
Horizontal Scalar Advection 5th Order 
Vertical Scalar Advection 3rd Order 
Advection Option, domains 1-4 5th WENO, [5th WENO], [pos-def], [pos-def] 
 
Table 4.2) Model Parameterizations, Advection Schemes, and Closures 
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 Figure 4.2) Depiction of the test area (blue) in which latent heating is modified to alter 
the merging cells. Shading is overlaid on model output image of simulated reflectivity at 2 km 
AGL at 2336 UTC.   
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Tracked Variable Units Description (at x,y,1 location of vorticity max) 
VortSfc s-1 Surface Vertical Vorticity 
VrtDepth m Vertical Vorticity Maximum Depth 
Usfc ms-1 U wind component at vorticity max location 
Vsfc ms-1 V wind component at vorticity max location 
Wind2km ms-1 Maximum wind speed within 2 km 
VortH2km s-1 Maximum horizontal vorticity within 2km 
Wlow ms-1 Lowest-level vertical velocity 
Wmin ms-1 Minimum vertical velocity for all heights 
Wmax ms-1 Maximum vertical velocity for all heights 
P mb Surface pressure perturbation 
Convg s-1 Surface Convergence 
RHsfc % Relative humidity at the surface 
Tsfc oC Surface temperature 
Tgrad oCkm-1 Surface temperature gradient 
Qhail gkg-1 Surface hail mixing ratio 
Qra gkg-1 Surface rain mixing ratio 
Eth_2km_max K Max Thete-E within 2 km 
Eth_2km_min K Min Theta-E within 2 km 
Eth_4km_max K Max Theta-E within 4 km 
Eth_4km_min K Mix Theta-E within 4 km 
Vth_2km_max K Max Theta-V within 2 km 
Vth_2km_min K Min Theta-V within 2 km 
Vth_4km_max K Max Theta-V within 4 km 
Vth_4km_min K Min Theta-V within 4 km 
CAPE Jkg-1 Convective Available Potential Energy 
Qrasfc gkg-1 Max Rain Mixing Ratio in RFD region at the surface 
Qra1km gkg-1 Max Rain Mixing Ratio in RFD region at 1 km AGL 
Qra2km gkg-1 Max Rain Mixing Ratio in RFD region at 2 km AGL 
MinW1km ms-1 Min Vertical Velocity within 2 km at 1 km AGL 
MaxW1km ms-1 Max Vertical Velocity within 2 km at 1 km AGL 
MinW3km ms-1 Min Vertical Velocity within 2 km at 3 km AGL 
MaxW3km ms-1 Max Vertical Velocity within 2 km at 3 km AGL 
MinW5km ms-1 Min Vertical Velocity within 2 km at 5 km AGL 
MaxW5km ms-1 Max Vertical Velocity within 2 km at 5 km AGL 
MaxDiv s-1 Maximum Divergence in RFD region at the surface 
 
Table 4.3) Variables measured relative to surface rotation maximum location for each data time 
of the rotation center’s lifespan. 
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CHAPTER 5 
RESULTS 
 
 
 
5.1 Control Simulation Overview 
 Following model start at 1200 UTC on 22 May 2013, convective initiation occurred at 
2000 UTC. For this reason, the 1 km and 333 m nests were placed at this time (Figure 5.1).  By 
2200 UTC (Figure 5.2), a few isolated larger cells formed near the triple point of the cold front 
and dry line near southwest Kansas in the model, with smaller cells initiating southward along 
the dry line.  In the simulation, those smaller cells move up the flanking line and merge with a 
parent cell along the Kansas and Oklahoma border, near the Missouri border.  After that small 
coalescence of convection, the storm that would become the primary parent supercell is present 
at 2300 UTC (Figure 5.3); a second, less organized convective storm trails behind it.  This 
supercell has a mature mesocyclone, indicated by the moderate strength vorticity signature 
shown in Figure 5.4.  At 2320 UTC (Figure 5.5), convective initiation driven by upward lift 
along the flanking line of the parent supercell begins (Lemon 1976).   
By 2340 UTC in the model, the two convective cells (M1 and M2) along the flanking line 
have begun to merge with the parent cell (P1) in the rear-flank (RF) region (Figure 5.6).  By 
0010 UTC, both cells that formed along the flanking line have merged completely into the parent 
cell (Figure 5.7).  During the time for the beginning of the merge at 2340 UTC to the completion 
at 0010 UTC, the strength of the surface vortex has increased in steps, the mechanism of which 
will be discussed below.  At 0020 UTC (Figure 5.8), a classic, clean hook echo structure is 
present, indicating strong rotation and a mature tornadic supercell.  By 0040 UTC, a strong cold 
pool that has developed behind the main parent cells in the simulation has overtaken the 
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supercell, and at 0050 UTC a transition to a linear bowing storm mode begins (Figures 5.9 and 
5.10).  This cell is part of line that extends outside of the 333-meter domain (not shown).  
 
5.2 2-D Control Simulation Analysis 
 After the development of the cells M1 and M2, they begin to propagate up the flanking 
line of P1 and merge into the RFD region at 2345 UTC (Figure 5.11).  As this occurs an increase 
in rain mixing ratio, qra, takes place in the RFD region of P1.  The precipitation from M1 is 
ingested into P1 at 2350 UTC (Figure 5.12) and split either between the RFD and being wrapped 
around the main mesocyclone at approximately 1 to 2 km above ground level (AGL).  Due to the 
increased precipitation in the RFD region of the storm, an intensification of the RFD occurs, 
triggered by large precipitation drag (Figure 5.13).  While this is taking place, unorganized 
vertical vortices (Figure 5.14) are developing due to increased tilting of horizontal vorticity by a 
strengthening low-level updraft from convergence (Figure 5.15) along the primary rear-flank 
gust front (PRFGF).  With the strengthened downdraft and a strengthening PRFGF, these 
vortices organize and a low-level vortex forms (Figure 5.16).  The initial downdraft pulse at 
2355 UTC provides the intensification mechanism to organize the low-level rotation and develop 
a secondary rear-flank gust front (SRFGF), which provides a source of surface convergence to 
the vortex.   
 From 0000 to 0003 UTC, a rapid intensification of the surface vortex occurs.  
Precipitation that was initially drawn around the mesocyclone during the merge of M1 has 
advected around around the east and north side of the mesocyclone to the RFD region (Figure 
5.17).  With the arrival of this precipitation, the RFD intensifies (Figure 5.18) and strong 
divergence from the RFD develops an intense convergence zone and a SRFGF (Figure 5.19), 
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which provides a strong source of low-level updraft intensification and tilting of horizontal 
vorticity.  Also, merging of the main updraft in P1 and the updraft from M1 occurs and 
intensifies the mid-level updraft (Figure 5.20).  As the precipitation continues to descend it 
becomes entrained in the vortex and begins to be advected around the east side and occlude it 
(Figure 5.21).  The surface divergence caused by that descending precipitation encircles the low-
level vortex and appears to briefly sustain it by a mechanism similar to that discussed in Davies-
Jones et al. (2001) (Figure 5.22).  The main divergence from the strong RFD eventually occludes 
the PRFGF and SRFGF along the forward flank gust front (FFGF) and cuts off the low-level 
inflow to the parent updraft.  The vortex then becomes displaced from the main convergence 
zone below the parent updraft and begins to weaken (Figure 5.23).   
 During the weakening stage of the vortex following the merge of M1, M2 begins to 
merge with the parent storm, P1, starting at approximately 0002 UTC (Figure 5.24).  Displaying 
a similar behavior, much of the precipitation is ingested in the RFD region of P1, while some is 
transported into the mesocyclone and main updraft.  The increase in rain mixing ratio is 
immediate, and an increase in the RFD occurs at 0010 UTC (Figure 5.25 and Figure 5.26).  As 
with the previous RFD pulse, surface divergence increases and a strong SRFGF forms (Figure 
5.27).  This again provides a strong source of convergence and horizontal vorticity tilting to the 
main vortex and a rapid intensification of low-level rotation occurs (Figure 5.28).  Warm, moist 
air in the RFD is entrained into the vortex as this intensification occurs (Figure 5.29). The peak 
intensity of the vortex is at 0017 UTC, but this strong rotation is maintained until 0025 UTC due 
to continued minor intensity pulses of the RFD, merging of the P1 and M2 updrafts, and a slow 
steady occluding of the low-level vortex by the SRFGF (Figure 5.30).  At the end of this 
maintained peak period at 0025 UTC, the low-level occlusion results in the vortex no longer 
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being situated under the main updraft (Wicker and Wilhelmson 1995) and decay begins (Figure 
5.31).  Also, after this time, the cold pool of the storm strengthens significantly and cold air 
undercuts the main vortex (Figure 5.32). 
 The evolution of the merging process and the resulting intensification of the low-level 
vorticity can be generalized into four main stages (Figure 5.33).  First, a pre-merge stage that is 
before the interaction between the merging cell and the parent storm.  Next, the early merge 
phase in which the precipitation is ingested into the RFD region of the parent, and the RFD 
intensifies due to increased precipitation loading.  Then, the advecting of the increased 
precipitation around the mid-level mesocyclone as well as the increased surface convergence 
caused by the precipitation loaded RFD.  This increases tilting of horizontal vorticity due to an 
intensification of the low-level updraft.  The wrapping rain core can also intensify the low-level 
vortex due to the mechanism previous discussed in Davies-Jones (2004).  Also, during this stage, 
the updraft from the merging cell and the parent updraft merge together, resulting in an 
intensified updraft, similar to that found in Lee et al. (2006).  Finally, the last stage of the 
intensification occurs as the advected precipitation at the mid-level descends and further 
intensifies the RFD.  This produces a SRFGF, providing another strong source of low-level 
convergence.  The vortex then intensifies and the SRFGF and PRFGF are rotated around it, 
eventually occluding with the FFGF.  This occlusion signals the end of the intensification cycle 
triggered by the merging storm.  The cycle may repeat several times as new precipitation is 
ingested into the RFD region.  
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5.3 3-D Control Simulation Analysis 
 Utilizing three-dimensional visualization of the intensification process discussed in the 
previous section, a clear picture of the timing and mechanisms of the intensification can be 
identified.  Also, observational characteristics of the storm, such as estimating the width of the 
vortex tube by noting how many grid points it covers, can be identified.  Starting at 0012 UTC, 
as precipitation from M2 is rotated around the east and north side of the mesocyclone and returns 
to the west side or RFD region, an intensification of the RFD occurs from increased precipitation 
drag (Figure 5.34).  As the precipitation descends in the stronger RFD at 0014 UTC, divergence 
at the surface increases and strengthens both the PRFGF and SRFGF (Figure 5.35).  Increased 
convergence along those gust fronts intensifies the low-level updraft and increases tilting of 
horizontal vorticity.  This is a source of vertical vorticity for the main vortex and leads to a rapid 
intensification of rotation leading to the peak at 0017 UTC (Figure 5.36).  At this time the vortex 
had surface vertical vorticity of 0.64 s-1, surface rotational winds of 60 ms-1, and vortex width of 
over 1 km.  This strong rotation is maintained from 0017 UTC to 0025 UTC by a continually 
strengthened RFD and a strong main updraft resulting from the merging of P1’s and M2’s 
updrafts (Figure 5.37).  Finally at 0028 UTC, as the intensified PRFGF and SRFGF occlude with 
the FFGF, the low-level vortex is cut off from the inflow and becomes displaced from the main 
updraft (Figure 5.38).  This signals the beginning of the decay stage, in which the cold pool 
eventually undercuts the vortex.   
 
5.4 Temporal Analysis 
 Time series of important fields during the intensification process provide insight into the 
timeline of events during tornadogenesis in this case.  First, rain mixing ratios, influenced by 
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additional precipitation from merging cells, indicate a signal preceding the intensification of the 
low-level vortex (Figure 5.39).  The rain mixing ratios increase and peak first at 1 km AGL, then 
shortly after (about 1 minute) at the surface, followed by a peak of the surface vertical vorticity.  
This indicates an intensified downdraft due to increased precipitation loading.  The time between 
the peak of the rain mixing ratios at 1 km and the peak of the surface vertical vorticity is 
approximately 4 minutes.  An intensified downdraft at 1 km also precedes vorticity 
intensification in a similar manner (Figure 5.40).  As was seen in the 2-D and 3-D analysis, 
increased surface divergence in the RFD region, due to either a primary RFD or SRFD, also 
precedes the peak in surface vorticity intensification (Figure 5.41).  This divergence leads to an 
increase in convergence along the PRFGF and SRFGF, intensifying the tilting of horizontal 
vorticity being entrained into the vortex, similar to that found in Kosiba et al. (2013).   
 Drawing on the work of Markowski et al. (2002), the thermodynamic characteristics of 
the RFD are also analyzed.  Equivalent potential temperature in the vortex increases before the 
intensification of the low-level vortex, specifically during the first merger.  This increase is 
potentially due to warm, moist air from a downdraft being ingested into the vortex.  During the 
first weakening stage after 0003 UTC, there is a sharp decline in Θe (Figure 5.42), as well as in 
the surface based CAPE (not shown).  Both fields also intensify during the second merge and 
intensification from 0010 UTC to 0017 UTC.  Relative humidity (Figure 5.43) appears to mirror 
the intensification during the entire period of strong low-level vertical vorticity.  The behavior of 
both the relative humidity and the Θe fields indicate similar behavior to Markowski et al. (2002) 
and indicates that warm, moist air entrained into the low-level vortex may provide increase 
buoyancy for the intensification of the vortex. 
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5.5 Latent Heating Sensitivity Test 
The results of the latent heating tests performed to alter or remove the merging cells from 
the model environment provide insight into the effects of the merging process.  All runs were 
performed at 333-meter resolution, without the D04 domain, and were from restarts begun at 
2300 UTC.  This allows for all simulations, including the control to begin from the same time at 
2300 UTC with an identical initialization.  In the 2-km reflectivity fields of the control, LH50 
(50% latent heating), and LH00 (0% latent heating) runs, the merging cells are slightly weakened 
in the LH50 run (approximately half the size and intensity of the control merging cells), and 
completely removed in the LH00 simulation.  In the control and LH50 runs, merging and parent 
storm evolves in similar manner in terms of flanking line merges, increased raining mixing ratio 
in the RFD region, and a donut shaped hook echo before intensification (Figure 5.44).   The 
initial vorticity peak, present in the control, is no longer present in LH50, and the second peak is 
delayed (Figure 5.45).  A comparison of the 2-km reflectivity from the second peak in both the 
control and LH50 simulation (Figure 5.46) indicates that LH50 was much less organized during 
its peak at 0034 UTC, explaining its rapid decay shortly after this time.   
The LH00 simulation proceeds in a notably different manner, in which the parent storm, 
without the interaction of the merging cells, developments an appendage on the rear-flank of the 
mesocyclone (Figure 5.47), similar to a behavior discussed in Byko et al. (2009) during DRC 
formation.  The flanking appendage intensifies and is ingested into the RFD.  This secondary 
mechanism for intensification in the parent storm leads to an altered timing and intensity of the 
low-level vorticity peaks.  In particular, the LH00 case has a much strong early peak in surface 
vorticity, relative to the control.  In the control case, this secondary mechanism is apparently 
prevented by altered inflow trajectories or masked by the merging cell.  
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A comparison of the surface vertical vorticity time series of the entire suite of simulations 
shows a large spread of storm evolutions and intensities (Figure 5.48). Minor changes from the 
control to LH90 reduced the intensity of the initial peaks before the main intensification, but 
timing remains approximately the same.  LH75 and LH50 were significantly weaker than the 
control with delayed timing and weaker vorticity during peaks.  LH25, LH10, and LH00 were on 
the same order of strength as the control, but with different timing of the vorticity peaks.  This 
again supports a secondary mode of intensification of the storm without the presence of the 
merging cells.  A potential cause of the appendage and the secondary mode may be due to 
residual cells that merged from the west of the parent storms rear-flank that were not affected by 
the latent heat reduction.  These smaller cells may have triggered the initial RFD pulse and 
subsequent intensification.  The results of these sensitivity tests show that just minor reductions 
in the intensity of the merging cells results in a weaker low-level vortex, but major reductions or 
removal of the merging cells can lead to completely altered parent storm behavior. 
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5.6 Chapter 4 Figures and Graphs 
 
Figure 5.1) Simulated 2-km reflectivity and 2-km winds at 2000 UTC in D03 domain. This is the 
time of convective initiation. 
 
 
Figure 5.2) Same as 5.1 at 2200 UTC 
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Figure 5.3) Same at 5.1 at 2300 UTC 
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Figure 5.4) Color shading is 1-km vertical vorticity (*10-5 s-1) at 2300 UTC. Light and dark 
shading are 2-km 30 and 50 dBZ contours, respectively. Arrows are winds at 1 km AGL.  This is 
a 450 by 300 sub-region of D03. 
 
Figure 5.5) Same as 5.1 at 2320 UTC and in a 450 by 300 sub-region of D03. Initiation of 
convection along the flanking line of the parent storm. 
	  47	  
 
Figure 5.6) Same as 5.5 at 2340 UTC. The parent storm (P1) and two merging cells (M1 and 
M2) are labeled.  This time period signals the beginning of merge of M1. 
 
 
Figure 5.7) Same as 5.5 at 0010 UTC. Completion of both mergers 
P1 
M1 M2 
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 Figure 5.8) Same as 5.5 at 0020 UTC.  Hook echo signature in parent storm 
 
Figure 5.9) Same as 5.5 at 0040 UTC. Beginning of decay stage 
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Figure 5.10) Same as 5.5 at 0050 UTC. Transition to a linear storm mode. 
 
Figure 5.11) Zoomed in image of simulated 2-km reflectivity and wind vectors (arrows) at 2345 
UTC in a 550 by 350 sub-region in the D04 domain.   
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Figure 5.12) Rain mixing ratio at 2 km at same time as 5.11. Vectors are winds at 2 km. Fine 
lines are surface pressure contours every 5 mb.   
 
 
Figure 5.13) Vertical Wind Speed (color shaded) at 1 km AGL in (cm s-1) at 2348 UTC in D04.  
Vectors are horizontal wind at 1 km AGL.  Fine lines are surface pressure contours every 5 mb. 
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Figure 5.14) Color shading is surface vertical vorticity (*10-5 s-1) at 2349 UTC in D04. Light and 
dark shading are 30 and 50 dBZ reflectivity contours, respectively.  Arrows show surface winds.  
Fine lines are surface pressure contours every 5 mb. 
 
 
Figure 5.15) Color shading is surface convergence or divergence (*10-5 s-1) 2353 UTC in D04.  
Warmer colors (red) are convergence.  Cooler colors (blue) are divergence.  Arrows show 
surface winds.  Fine lines are surface pressure contours. 
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Figure 5.16) Same as 5.14 at 2353 UTC. 
 
Figure 5.17) Rain mixing ratio at 1 km AGL at 2358 UTC in D04.  Arrows show winds at 1 km 
AGL and fine lines indicate surface pressure contours every 5 mb. 
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Figure 5.18) Same as 5.13 at 2358 UTC 
 
Figure 5.19) Same as 5.15 at 0000 UTC.  The PRFGF and SRFGF are indicated by black arrows. 
PRFGF SRFGF 
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Figure 5.20) Same as 5.13 at 0000 UTC 
 
Figure 5.21) Same as 5.17 at 0003 UTC 
	  55	  
 
Figure 5.22) Same as 5.15 at 0003 UTC 
 
Figure 5.23) Same as 5.13 at 0004 UTC 
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Figure 5.24) Same as 5.11 at 0002 UTC 
 
Figure 5.25) Same as 5.12 at 0004 UTC 
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Figure 5.26) Same as 5.13 at 0010 UTC 
 
Figure 5.27) Same as 5.15 at 0014 UTC 
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Figure 5.28) Same as 5.14 at 0017 UTC 
 
Figure 5.29) Surface equivalent potential temperature (colors) at 0020 UTC in D04. Arrows 
show surface winds.  Fine lines indicate surface pressure contours every 5 mb. 
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Figure 5.30) Same as 5.13 at 0021 UTC 
 
Figure 5.31) Surface streamlines (brown) at 0028 UTC in D04. The black arrow points to the 
occlusion of the SRFGF, PRFGF, and FFGF. 
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Figure 5.32) Surface temperature (oF) at 0030 UTC in D04.  Arrows indicate surface winds. Fine 
lines indicate surface pressure contours every 5 mb. A black arrow indicates the location of the 
surface vortex 
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Figure 5.33) A generalized schematic depicting the four stages of intensification during cell 
merging in this simulation.  The parent storm (blue) and merging cell (red) are shown, as well as 
regions of increased precipitation (dark blue), an intensified RFD (orange), surface convergence 
(purple), primary and second RFGF (green), and the intensified main updraft as a result of 
updraft merging (yellow).  
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Figure 5.34) Three-dimensional elevated view from the southeast of the low-level mesocyclone 
at 0012 UTC from the 111m domain (D04). Features in image are a 0.2 s-1 vertical vorticity 
isosurface (red), a 5 ms-1 downdraft isosurfaces (blue), a 25 ms-1 updraft isosurfaces (yellow), a 
30 dBZ isosurfaces (grey shading), surface divergence (orange shading) and convergence (blue), 
the primary and secondary RFGF (purple line), the FFGF (red line), and surface wind vectors 
(white).   
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Figure 5.35) Same as 5.34 at 0014 UTC 
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Figure 5.36) Same as 5.34 at 0017 UTC 
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Figure 5.37) Same as 5.34 at 0020 UTC 
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Figure 5.38) Same as 5.34 at 0028 UTC 
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Figure 5.39) Maximum surface vertical vorticity (green) and maximum rain mixing ratio at 1 km 
(blue) and surface (red) every minute. 
 
 
Figure 5.40) Maximum surface vertical vorticity (green) and minimum vertical wind speed at 1 
km in RFD region (red) every minute. 
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Figure 5.41) Maximum surface vertical vorticity (green), maximum surface divergence (blue), 
and maximum surface convergence (green) every minute. 
 
 
Figure 5.42) Maximum surface vertical vorticity (blue) and surface equivalent potential 
temperature (red) every minute 
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Figure 5.43) Maximum surface vertical vorticity (blue) and surface relative humidity (red) every 
minute 
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   Control       LH50 
   2340 UTC 
a) b)  
   0000 UTC 
c) d)  
    0017 UTC 
e) f)  
 
Figure 5.44) (a-f) 2-km simulated reflectivity with vectors showing winds at 2-km from control 
simulation (a, c, e) and the LH50 simulation (b, d, f) at 2340 UTC (a, b), 0000 UTC (c, d), and 
0017 UTC (e, f).  Fine lines are surface pressure contours every 5 mb.  
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 Figure	  5.45)	  Time	  series	  chart	  of	  vertical	  vorticity	  (*10-­‐5	  s-­‐1)	  for	  control	  (red)	  and	  LH50	  (blue)	  latent	  heating	  test	  simulations.	  	  	  	  	  	  
a) 	  b) 	  
	  Figure	  5.46)	  2-km simulated reflectivity with vectors showing winds at 2-km from control 
simulation (a) at 0017 UTC and the LH50 simulation (b) at 0034 UTC. Fine lines are surface 
pressure contours every 5 mb.	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Figure 5.47) (a-f) 2-km simulated reflectivity with vectors showing winds at 2-km from control 
simulation (a, c, e) and the LH00 simulation (b, d, f) at 2340 UTC (a, b), 0000 UTC (c, d), and 
0017 UTC (e, f).  Fine lines are surface pressure contours every 5 mb.  
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Figure 5.48) Time series chart of vertical vorticity (*10-5 s-1) for suite of latent heating test 
simulations.  Control (green) is highlighted for comparison to experiment runs (red or blue). 
Experiments with a latent heat release of 50% or greater are in blue and 25% or less in red. 
Darker red or blue indicate higher percentages.	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CHAPTER 6 
CONCLUSIONS 
 
 
 
 The objective of this study was to address several questions about the effects of storm 
mergers on tornadogenesis.  The goal to identify the effects, and their cause, of the mergers on 
the intensification of the storm and timing of the tornadogenesis during the 2011 Joplin event 
provided a motivation to this numerical modeling research.  The results of a case-study 
numerical simulation provided a dataset to analyze the many mechanisms that play a role in 
generating low-level vertical vorticity, specifically in the environment during the 22 May 2011 
Joplin tornado.   
During the analysis of the control simulation, similar mechanisms seen in previous 
research were identified.  Increased precipitation ingested into the RFD region descends, as a 
DRC, and intensifies the downdraft (Rasmussen et al. 2006; Kennedy et al. 2007; Byko et al. 
2009; Markowski et al. 2012). The resulting convergence and development of a SRFGF 
increases tilting of horizontal vorticity due to an intensified low-level updraft (Kosiba et al 
2013).  Precipitation, also advected around the east side of the mid-level mesocyclone, continues 
to descend and intensify the low-level vortex (Davies-Jones 2008).  Also, the updrafts of the 
flanking line cells in the simulation merges with the parent updraft, resulting a stronger updraft 
overall (Lemon 1976; Lee et al. 2006).  The similarities drawn to the previous literature support a 
conclusion that this series of mechanisms, a DRC triggered by increased precipitation from a 
merging storm along with the merging of their updrafts, precedes and increases low-level 
convergence along a SRFGF to promote rapid intensification and tornadogenesis.   
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In an aim to identify if the Joplin storm would have been as intense without the presence 
of storm mergers, the sensitivity tests that were performed provided evidence to draw 
conclusions.  First, a minor reduction in latent heat of condensation release in the model in the 
area of merging cell development resulted in a weaker merging cell.  These slightly weaker cells 
resulted in a weaker low-level vortex due to either less precipitation loading in the RFD, a 
weaker updraft in the merging cell, or both.  Next, when the cells are completely removed 
through a major reduction in latent heat release, the parent storm undergoes a completely 
different evolution.  Instead of having the flanking line cells merge with it, the parent storm 
develops an appendage along the rear-flank, providing an alternative mechanism to trigger a 
DRC and low-level convergence.  A potential cause of this appendage may have been residual 
cells that merge from the west of the rear-flank that were not in the latent heating experiment 
area.  Overall, the question posed, to test if the storm would have been intense without the 
merging, cannot be answered without further research and an altered method to remove all 
interacting cells.  However, the fact that a minor reduction in the merging cells intensity results 
in a weaker storm and low-level vortex provides evidence that the mergers played a significant 
role in the intensification and tornadogenesis.   
 This study draws the conclusions that merging cells similar to those that occurred during 
the 2011 Joplin, MO tornado played a significant role in rapid intensification and tornadogenesis 
through precipitation loading, updraft merging, and DRCs.  This knowledge will provide 
operational forecasters with further information about the role that flanking line cells can play in 
the tornadogenesis process.  The identification of DRCs leading to increased convergence along 
the PRFGF or SRFGF, as well as merged updrafts, can be a now-casting tool for potentially 
predicting tornadogenesis in supercell thunderstorms undergoing storm mergers. To further this 
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research, radar data-assimilation to more effectively replicate the observed Joplin storm 
evolution would provide an insight into the exact processes that occurred in that event for 
comparison to those presented in this study.  Also, the development of a better method to remove 
the merging cells to more completely capture their effect on the parent storm would allow for a 
better understanding of the sensitivity of tornadogenesis to the merging cells intensity and 
orientation.  In this same light, idealized simulations, similar to those in Syrowski et al. 2012, 
with a parent cell and smaller cell along the flanking line of the parent that interact without the 
effects of boundaries or other cells could provide further insight into this cell merging question.   
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